High-quality thin films of the ferromagnetic insulator europium(II) sulfide (EuS) were fabricated by pulsed laser deposition on Al 2 O 3 (0001) and Si (100) substrates. A single orientation was obtained with the [100] planes parallel to the substrates, with atomic-scale smoothness indicates a near-ideal surface topography. The films exhibit uniform ferromagnetism below 15.9 K, with a substantial component of the magnetization perpendicular to the plane of the films. Optimization of the growth condition also yielded truly insulating films with immeasurably large resistance. This combination of magnetic and electric properties open the gate for novel devices that require a true ferromagnetic insulator.
Over more than 50 years a wealth of new effects and properties have been discovered in binary lanthanide compounds. In particular, compounds of europium with elements of the sixth group (O,S,Se,Te) exhibit a rocksalt (NaCl)-type crystal structure with ordered magnetic states at low temperatures. As the lattice parameter increases from EuO to EuTe, a ferromagnetic ordered state of moments localized on Eu ions appear in EuO (T C ≈ 69 K) and in EuS (T C ≈ 16.7 K), 1,2 while EuSe and EuTe show collinear antiferromagnetic ordering with T N ≈ 4.2 K, T N ≈ 9.8 K respectively.
3,4 In these chalcogenide compounds, the S ground state of Eu 2+ ions and their simple face centered cubic (FCC) magnetic lattice facilitate testings of the Heisenberg model of ferromagnetism and theories of critical phenomena. [5] [6] [7] [8] [9] A variety of applications were proposed or implemented utilizing these magnetic semiconductors. [10] [11] [12] A class of magnetoelectric applications, such as π-Josephson junctions for quantum qubits [13] [14] [15] and recently proposed topological magnetoelectric effect associated with the surface state of topological insulators, [16] [17] [18] [19] [20] require fabrication of highquality insulating ferromagnet thin films with robust magnetic properties.
Here we focus on EuS, which is a semiconductor with an indirect energy gap between the 4f 7 Eu states and the conduction band minimum at 300 K is 1.65 eV. [21] [22] [23] The lattice parameter of bulk crystals of EuS is a 0 = 5.967Å, with a ferromagnetic Curie temperature T C ≈ 16.7 K. When strained, the lattice constant change is accompanied by a change in Curie temperature, e.g. thin films of EuS grown on KCl show an increase in T C by as much as 2 K, due to compression induced by differential expana) Electronic mail: qiyang@stanford.edu sions of the film and substrate. 24 At the same time, very thin films will exhibit slightly lower T C due to dimensionality reduction. 25 However, although good electric insulation (ρ ∼ 10 4 Ω·cm) was obtained in high-quality single crystals, difficulties in material fabrication lead to disorder and unintentional doping, which may drastically reduce the resistivity to as low as ρ ∼ 10 −2 Ω·cm. 2,26 Such reduction in resistivity was found to be accompanied by increased Curie temperatures due to interactions between charge carriers and the Eu 2+ ions. 1, [26] [27] [28] Particularly for thin films, samples fabricated by either pulsed laser deposition (PLD) or molecular beam epitaxy (MBE) were reported to have T C higher than single crystal values and were suggested to have significant carrier doping. [29] [30] [31] In addition, all reported growth methods resulted in samples with multiple crystal orientations, [30] [31] [32] which might give rise to fractured magnetic domains given the considerable magnetocrystalline anisotropy of EuS.
33
In this Letter we present results of PLD-grown EuS thin films with significantly improved qualities related to surface topography, magnetic anisotropy, and electrical insulation, all of critical importance for applications involving interfacing the EuS film with another system. Specifically we show characterization results indicating excellent electric insulation, significant and uniform out-of-plane component of the magnetization, a single crystal orientation and a near-ideal surface topography. These improvements should facilitate a series of applications, such as topological insulator-ferromagnet bilayer devices.
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For PLD targets, solid disks (approximately 19 mm in diameter and 3 mm thick) were prepared from highpurity (99.95%) EuS powder by a fast consolidation technique popularly referred to as spark plasma sintering (SPS). This technique uses an electric discharge to ac-tivate the surface of the powder particles prior to rapid resistance heating aimed at achieving complete densification. SPS has been effectively used to make solid disk-like targets of a wide range of materials including chalcogenides 34, 35 and its efficiency in forming clean grain boundaries in polycrystalline targets has been shown for nitrides and refractory high-temperature materials.
36,37
The target surface was polished with a 800 grit diamond sandpaper before transferring to high vacuum. For final conditioning of the target surface and to deposit EuS thin films, the target was ablated by a 25 ns 248 nm KrF excimer pulsed laser beam in p = 6 × 10 −7 Torr high vacuum at 10 Hz repetition rate. The typical ablation spot size was 2.1 ± 0.3 mm 2 and the measured fluences were 1.0 ± 0.2J · cm −2 . Corundum Al 2 O 3 (0001) and Si (100) substrates were cleaned ex situ by solvent sonication prior to transfer to high vacuum. The substrates were heated to 650
• C and placed 5 cm away from the target at the center of the plasma plume. The growth rate was estimated to be 1.3Å per pulse. After each deposition, the substrates were cooled in vacuum to 60
• C with a rate slower than 15
• C/min. The resultant thin films with thicknesses 20 nm < t < 200 nm have a translucent purple color on Al 2 O 3 and are dark green on Si. Fig. 1a shows a transmission electron micrograph (TEM) of a thin film cross-section where the FCC lattice of EuS can be clearly observed. The lattice constant is estimated from direct length mea- surements to be a = 6.0 ± 0.2Å, consistent with the established results.
2 Surface topography was measured with an atomic force microscope (AFM). Fig. 1b shows a 1 µm×1µm area on the surface of a 20 nm film on Al 2 O 3 . The difference between the minima and maxima in height is roughly twice the lattice constant. The root-meansquare roughness σ = 1.8Å calculated from a randomly selected line profile indicates near-ideal smoothness. Similar smoothness were obtained on films with thicknesses up to 200 nm deposited on either Al 2 O 3 (0001) or Si (100). Fig. 2 shows the X-ray diffraction patterns on the PLD grown EuS thin films. On both Al 2 O 3 (0001) and Si (100) (0001) substrates, optimal growth conditions lead to a single (100) orientation, whereas multiple orientations were observed at non-optimal conditions. Spikes near substrate peaks are due to the K-β components of the X-ray source. (b) On Si (100) substrates with native oxides, single (100) orientation was obtained at optimal growth conditions. To distinguish the EuS (400) peak, a monochromator was used in the Si (100) case to eliminate the K-β components.
(Please see the text for growth conditions.)
substrates, the optimal conditions described earlier produced samples with a single orientation where the [100] planes are parallel to the substrate surface. On Al 2 O 3 (0001) substrates ( fig. 2a) , the (200) and (400) reflections are easily identified whereas the (600) reflection is discernible from the background. On Si (100) substrates ( fig. 2b ), all [100] reflections are clearly observable. For comparison, the diffraction pattern of a nonoptimal sample deposited on Al 2 O 3 (0001) at a lower temperature (T = 600
• C) was plotted in fig. 2a . Reflections from both the [100] and the [111] orientations were observed with comparable weights. Similar multiple orientations were observed in samples deposited at higherthan-optimal temperatures (T > 700
• C) or higher ambient pressures (p > 2 × 10 −6 Torr).
The resistances of the EuS thin films were measured with a Van der Pauw technique.
38 When deposited at the optimal conditions on either Al 2 O 3 (0001) or Si (100) substrates, samples with thicknesses 20 nm < t < 200 nm all show sheet resistances R > 20 MΩ at temperatures T > 100 K, and immeasurably high resistance at lower temperatures. This is equivalent to bulk resistivity exceeding ρ > 400 Ω · cm, consistent to values obtained on high-purity single crystals.
2 In contrast, films deposited at non-optimal conditions show sheet resistances as low as R ∼ kΩ ( fig. 3a) , which corresponds to a bulk re- sistivity of ρ ∼ 10 −2 Ω · cm, consistent with the conductive régime in doped single crystals. 26 Different from ntype single crystals results, where resistance anomalies were observed near T C and attributed to change in carrier concentrations, 26, 28 monotonic increases in resistance were observed towards low temperatures in thin films. Such difference could be resulted from different natures of dopants or due to the effects of reduced dimensionality.
39
Similar to n-type doped single crystals, negative giant magnetoresistance was observed in conducting samples at low temperatures ( fig. 3b) .
Magnetizations of the thin films were measured in a superconducting quantum interference device (SQUID) magnetometer down to T = 2 K. A significant perpendicular component of the magnetization was observed ( fig. 4a) , whereas the easy axes are in the sample plane ( fig. 4b) . While the coercive field of perpendicular magnetization may vary within the same order of magnitude for film thicknesses between 20 nm and 200 nm, the general hysteresis features are similar for all our samples on either Al 2 O 3 (0001) or Si (100). By fitting to the Curie-Weiss law in the paramagnetic regime ( fig. 4c) , an upper limit of the Curie temperature of an optimal 20 nm thin film on Al 2 O 3 (0001) was estimated to be T C = 15.9 K. 40 While a low T C is expected for samples with diminishing carrier densities, 1,26,28 we note that the thin film T C is lower than the minimal single crystal value T C ≈ 16.5 K. This is likely a combined effect of polycrystallinity, approaching the two-dimensional limit and lattice strains.
41-43
To test for homogeneity of the magnetism in our films we used a scanning Sagnac interferometer. 44 This device is based on a zero-area loop Sagnac interferometer as was first demonstrated by Xia et al., 45 and can measure the Polar Kerr angle upon reflection from the film with shot-noise limited sensitivity at low power. Our scanning device is operated at a wavelength of 820 nm, and has a spatial resolution of 0.9 µm. Fig. 4d shows several line scans of length 100 µm, taken at a temperature of 10 K and at low magnetic fields, showing a very uniform Kerr response. This set of line scans also agrees with the coercive field found in the SQUID magnetometry measurements. While the experimental setup for PLD is relatively simple, it is well known that complex and non-equilibrium mechanisms are involved in both laser ablation of the target and plume-substrate interactions. Here we present a tentative discussion on the growth process. At the optimal growth conditions, the resultant atomically smooth topography seems to suggest the Frank-van der Merwe mode of nucleation. The absence of microstructures, which indicates sufficient reduction of partial evaporation ("splashing"), 46 may have been in part due to the effective densification with the SPS technique and appropriate target surface treatment. While EuS solid is stable up to 2300
• C in vacuum, 47 we found that the film quality is sensitive to relatively small deviations (∆T = ±50
• C) from the optimal substrate temperature T = 650
• C. Lowering the substrate temperature or increasing the ambient pressure are known to increase the cooling rate of adatoms. For compounds with large differences in constituent elements' vapor pressures such as EuS, (p(S)/p(Eu) > 10 4 at T = 650
• C, 48 ) such effects worsen both stoichiometry and structure. 49 In addition, the detrimental effects of changing temperature at either directions may be related to the nearby eutectic point at 750
• C and the EuS 2 phase below 575
• C , 47 which may provide transient states that facilitate structural distortions or an Eu-rich stoichiometry. In either case, the distortion in stoichiometry would likely result in unintended doping.
To summarize, high-quality thin films of EuS were fabricated by pulsed laser deposition. Single (100) orientation and atomic-scale surface smoothness (σ = 1.8Å) were obtained. Samples deposited at optimal conditions are highly insulating with sheet resistance R > 20 MΩ for thickness 20 nm < t < 200 nm. Significant magnetizations were observed at the out-of-plane direction, showing hysteresis and homogeneous spatial distribution. These properties are crucial for various magnetoelectric applications. For comparison, we demonstrated that samples deposited at non-optimal conditions show low resistance and negative giant magnetoresistance, indicating unintended doping, possibly due to distorted composition stoichiometry. 
